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Summary
Discriminating the direction of motion of a low-con-
trast pattern becomes easier with increasing stimulus
area. However, increasing the size of a high-contrast
pattern makes it more difficult for observers to dis-
criminate motion. This surprising result, termed spa-
tial suppression, is thought to be mediated by a form
of center-surround suppression found throughout the
visual pathway. Here, we examine the counterintuitive
hypothesis that aging alters such center-surround in-
teractions in ways that improve performance in some
tasks. We found that older observers required briefer
stimulus durations than did younger observers to ex-
tract information about stimulus direction in condi-
tions using large, high-contrast patterns. We suggest
that this age-related improvement in motion discrimi-
nation may be linked to reduced GABAergic function-
ing in the senescent brain, which reduces center-sur-
round suppression in motion-selective neurons.
Introduction
Aging impairs human observers’ performance in a wide
variety of visual tasks (Sekuler and Sekuler, 2000).
Some effects of aging are linked to the deterioration of
the optical quality of the eye (Weale, 1992), but optical
changes alone cannot account for age-related perfor-
mance deficits (Ball and Sekuler, 1986; Bennett et al.,
1999; Sekuler et al., 2000). Hence, impaired visual per-
formance in older observers must be due, at least in
part, to changes in the physiological properties of vi-
sual neurons. Consistent with this view, recent experi-
ments have shown that neurons in primary visual cortex
of older monkeys are less selective for pattern orienta-
tion and direction of motion, exhibit higher spontane-
ous firing rates, and have lower signal-to-noise ratios*Correspondence: bennett@mcmaster.ca (P.J.B.); sekuler@
mcmaster.ca (A.B.S.)than do neurons in young adult monkeys (Schmolesky
et al., 2000). Furthermore, orientation and direction se-
lectivity in senescent cells are improved by local admin-
istration of inhibitory neurotransmitter agonists, which
suggests that reduced efficacy of inhibitory mecha-
nisms in the primate visual pathway contributes to vi-
sual deficits in older observers (Leventhal et al., 2003).
Here, we examine the opposite, and counterintuitive,
hypothesis that reduced efficacy of some inhibitory
mechanisms enables older observers to perform better
than younger observers on some visual tasks.
Tadin et al. (2003) recently reported that the perfor-
mance of human observers in a motion discrimination
task varied dramatically as a function of stimulus pattern
contrast and size. With low-contrast sine wave gratings,
observers required briefer stimulus presentations to dis-
criminate leftward from rightward motion as stimulus
size increased. This improvement in performance with
increasing stimulus size, referred to as spatial summa-
tion, has been found in many contexts. However, Tadin
et al. also found that, with high-contrast gratings, ob-
servers required longer presentations to discriminate
motion direction as stimulus size increased. Tadin et al.
suggested that this surprising effect, which they called
spatial suppression, is a manifestation of the surround
suppression commonly found in visual neurons. In
general, a neuron’s response to a high-contrast stimu-
lus is suppressed when the boundaries of a stimulus
extend beyond the classical receptive field (Angelucci
and Bullier, 2003). The opposite effect (i.e., spatial sum-
mation) occurs at low contrast: the neuron responds
better to large stimuli compared to small stimuli. Inter-
estingly, the same neuron can exhibit either suppres-
sion or summation, depending on stimulus contrast
(Sceniak et al., 1999).
Neural surround suppression is thought to be medi-
ated by inhibitory interneurons (Angelucci and Bullier,
2003; Bair et al., 2003; Lund et al., 1995). If these inhibi-
tory, center-surround interactions do underlie the be-
havioral effects reported by Tadin et al. (2003), then a
reduction of inhibition actually should improve motion
discrimination for large, high-contrast stimuli—stimuli
that induce spatial suppression in young observers.
Given the suggestion from animal studies (Caspary et
al., 1999; Leventhal et al., 2003; Poe et al., 2001; Stan-
ley and Shetty, 2004) that the efficacy of cortical inhibi-
tory mechanisms declines with age, we hypothesized
that older human observers ought to perform better
than younger observers in motion discrimination tasks
involving stimuli with large, high-contrast patterns.
Results
Age-Related Changes in Direction Discrimination
We presented younger (mean age = 23.0 years) and
older (mean age = 67.9 years) observers with vertical 1
cyc deg−1 Gaussian-damped sine wave gratings drift-
ing at 2 deg s−1. Motion discrimination thresholds—
defined as the stimulus duration required to distinguish
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leftward from rightward motion correctly on 77% of tri- o
als—were measured with a range of stimulus diameters s
(2σ = 0.7, 1.3, 2.7, and 5.0 deg) and contrasts (2.8%, f
4.2%, 5.5%, 11%, 22%, 46%, and 92%). In agreement i
with previous research (Tadin et al., 2003), younger ob- T
servers’ thresholds varied with stimulus contrast and w
size (Figure 1, open symbols). With small stimuli (Fig- t
ures 1A and 1B), thresholds decreased with increasing q
contrast, indicating better motion discrimination for d
higher-contrast stimuli. Larger stimuli (Figures 1C and v
1D) produced the opposite result: thresholds increased T
with increasing stimulus contrast, indicating poorer e
motion discrimination for higher-contrast stimuli. Older w
observers yielded a different pattern of results (Figure 1
1, closed symbols). With the two smallest stimulus di- “
ameters, older observers’ thresholds were consistently
longer than were younger observers’ thresholds at all
levels of contrast (Figures 1A and 1B). However, with C
Tlarger stimuli, older observers’ thresholds were briefer
than younger observers’ thresholds over a wide range t
sof contrasts, especially at the highest contrast levels
(Figures 1C and 1D). t
aAn alternative way to describe the data, which em-
phasizes the effect of size on performance, is to plot A
tdiscrimination threshold as a function of stimulus diam-
eter at each contrast (Figure 2). With low-contrast stim- p
tuli, thresholds from both younger and older observers
decreased with increasing stimulus size—the hallmark (Figure 1. Mean Thresholds Plotted as a Function of Percent Stimu-
lus Contrast F
The stimuli were 1 cyc deg−1 sine wave gratings drifting at a rate T
of 2 deg s−1. Grating contrast was modulated by Gaussian enve- (
lopes that differed in diameter (i.e., twice the standard deviation, s
σ): (A) 2σ = 0.7°, (B) 2σ = 1.3°, (C) 2σ = 2.7°, and (D) 2σ = 5.0°. A s
repeated measures ANOVA revealed main effects of stimulus Size a
[F(3, 42) = 16.57, p < 0.001] and Contrast [F(6, 84) = 8.69, p < 0.001], t
as well as significant interactions between Age and Size [F(3, 42) = o
7.52, p < 0.001], Age and Contrast [F(6, 84) = 4.91, p < 0.001], and o
Contrast and Size [F(18, 25) = 17.660, p < 0.001]. The three-way r
interaction between Age, Contrast, and stimulus Size was margin- t
ally significant [F(18, 252) = 1.62, p = 0.055]. Error bars represent
the SEM.igure 2. Mean Thresholds Plotted as a Function of Stimulus Size
he seven different levels of stimulus contrast are shown: (A) 2.8%,
B) 4.2%, (C) 5.5%, (D) 11%, (E) 22%, (F) 46%, and (G) 92%. Spatial
ummation, as indicated by a decrease in threshold with increasing
timulus size, is evident at the lowest contrast (A) in both younger
nd older observers. However, as the stimulus increases in con-
rast, younger observers exhibit more spatial suppression: thresh-
lds increase with increasing stimulus size. Older observers exhibit
nly a moderate amount of spatial suppression, as indicated by
elatively shallow positive slopes in (D–G). Error bars represent
he SEM.f spatial summation (Figures 2A and 2B). However,
nce stimulus contrast exceeded 5%, the effect of
timulus size differed across age groups: thresholds
rom younger, but not older, observers increased signif-
cantly with increasing stimulus size (Figures 2C–2G).
hus, as we hypothesized, strong spatial suppression
as not observed in older observers. Of particular in-
erest is the finding that older observers actually re-
uired a briefer stimulus presentation to discriminate
irection than did younger observers in conditions in-
olving large, high-contrast patterns (Figures 2E–2G).
his result is especially surprising because older adults
xhibit slower processing than do younger adults on a
ide range of perceptual and cognitive tasks (Cerella,
985); indeed, a common model of aging is that of
generalized slowing” (Salthouse, 1996).
haracterizing Spatial Suppression
o highlight how discrimination thresholds are related
o stimulus size and contrast, we calculated a suppres-
ion index (SI), defined as the log difference between
hresholds for each of the three largest stimuli (1.3, 2.7,
nd 5.0 deg) and the 0.7 deg stimulus at all contrasts.
positive SI indicates that higher thresholds were ob-
ained for stimuli larger than 0.7 deg (i.e., spatial sup-
ression). Conversely, a negative SI indicates that lower
hresholds were obtained for stimuli larger than 0.7 deg
i.e., spatial summation). The SIs for younger and older
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SIs are defined as the log differences of thresholds measured with
each of the three largest stimulus sizes (2σ = 1.3°, 2.7°, and 5.0°)
divided by threshold measured with the smallest size (2σ = 0.7°).
Values <0 indicate spatial summation; values >0 indicate spatial
suppression. (A) Younger observers show spatial summation for all
stimulus sizes at the lowest contrasts. As contrast increases, spa-
tial summation switches to spatial suppression for the two largest
stimuli. (B) Older observers show spatial summation for the low-
contrast conditions, but little or no spatial suppression at high con-
trasts.observers (Figure 3) illustrate several important results:
(1) high-contrast stimuli induce greater spatial suppres-
sion than low-contrast stimuli [main effect of Contrast,
F(6, 84) = 39.078, p < 0.001]; (2) older observers show
lower overall SIs than their younger counterparts [main
effect of Age, F(1,14) = 7.895, p = 0.014]; and (3) the
difference between age groups varied across stimulus
sizes, with bigger differences between age groups oc-
curring with large stimuli [Age × Size interaction, F(2,
28) = 11.129, p < 0.001].
Low Luminance Controls
To what extent are these observed age-related changes
in spatial suppression due to optical, rather than neural,
changes? Age-related changes in pupil size and the
clarity of ocular media combine to reduce the amount
of light reaching the 60-year-old retina to one-third of
that experienced by the 20-year-old retina (Weale,
1961). The receptive field characteristics of visual neu-
rons are dependent on retinal illumination (Shapley and
Enroth-Cugell, 1984), and so it is possible that age-
related changes in spatial suppression are linked to dif-
ferences in retinal illuminance. To test this idea, we
measured thresholds in another group of younger ob-
servers who performed the motion discrimination task
at a wide range of average luminances (5.6, 27.7, and
65.0 cd/m−2). Based on our measurements of pupil di-
ameters (see Experimental Procedures), the two lower
stimulus luminances produced retinal illuminances in
younger observers that almost certainly were as low as,
or lower than, the retinal illuminance experienced by
older observers viewing the highest, 65 cd m−2, stimu-
lus (see Figure 4B; Weale, 1961). Figure 4A shows the
SIs measured in the three luminance conditions, along
with SIs from new groups of older and younger observ-
ers in the high luminance (65 cd m−2) condition.
Decreasing luminance enhanced spatial summationFigure 4. Suppression Indices and Retinal Illuminance
(A) SIs for younger observers tested in a range of luminance condi-
tions (open symbols) and additional groups of younger and older
observers tested at a luminance of 65 cd m−2 (closed symbols).
Two pattern sizes (2σ = 0.7° and 2σ = 2.7°) were used to obtain SIs
for three levels of contrast (2.8%, 11%, and 46%). Although reduc-
ing luminance enhanced spatial summation at the lowest contrast
for young observers, it did not diminish the strong suppression at
the highest contrast. Older observers, in comparison, obtained SIs
below or near zero at all contrasts. The results suggest that re-
duced retinal illuminance in older observers is not a likely explana-
tion for age-related differences in spatial suppression. (B) Retinal
illuminances (in Trolands) of younger and older observers are
shown in the Standard Luminance condition (65 cd m−2). The retinal
illuminances for the younger Variable Luminance observers (closed
symbols) were measured under three luminance conditions: 65,
27.7, or 5.6 cd m−2. The open symbols at 65 cd m−2 are displaced
slightly along the horizontal axis for clarity. Error bars represent
1 SD.slightly in younger observers at 2.8% and 11% con-
trast. However, there was no evidence that spatial sup-
pression at the highest contrast was affected by
average luminance. Therefore, reduced retinal illumina-
tion in older eyes cannot account for age-related differ-
ences in spatial suppression.
Contrast sensitivity is reduced in older observers
(Owsley et al., 1983). One might be tempted to argue
that age differences in spatial suppression are linked to
these changes in contrast sensitivity, but we view this
explanation as implausible. Age differences in contrast
sensitivity are minimal—less than 0.1 log units—at the
spatial frequency (i.e., 1 cyc deg−1) used in the current
experiments (Bennett et al., 1999). If this reduction in
contrast sensitivity was the only difference between
age groups, then the SI functions obtained from older
Neuron
364and younger observers should have similar shapes; the i
cfunctions displayed in Figure 3 from the two age groups
should simply be shifted along the log-contrast axis. f
(Inspection of Figure 3 shows that the SI functions from
the two groups differ by more than a horizontal shift, a
mwhich strongly suggests that differences in contrast
sensitivity cannot account for differences in spatial r
esuppression. It is also important to note that older ob-
servers were able to reliably discriminate direction of I
dmotion even with the lowest contrast used in the cur-
rent experiments. Furthermore, the effect of contrast on e
tdiscrimination threshold was the same in both age
groups when the stimulus size was small. Therefore, a
tit is very unlikely that a general insensitivity to spatial
contrast can account for age differences in spatial sup-
pression. E
EDiscussion P
E
Although there is still debate about the precise circuits o
tunderlying surround suppression, it is likely that inhibi-
ttory interneurons play a significant role (Angelucci and
iBullier, 2003; Bair et al., 2003; Lund et al., 1995). We are
funaware of any physiological or anatomical studies that
O
have measured age-related changes in these inhibitory c
mechanisms. However, it is known that GABA-medi- p
aated circuits play a crucial role in determining neural
sresponse properties in cat and monkey visual cortex,
mand that these circuits change with age (Eysel et al.,
S1998; Leventhal et al., 2003; Pernberg et al., 1998).
T
Also, aging selectively impacts inhibitory synapses in 5
rat inferior colliculus (Caspary et al., 1999), hippocam- (
cpus (Stanley and Shetty, 2004), and sensorimotor cor-
dtex (Poe et al., 2001). Based on these anatomical and
lphysiological findings, we hypothesize that the age dif-
mferences in spatial suppression observed in the current
i
experiments are linked to reduced efficacy of inhibitory 3
mechanisms—GABAergic or otherwise—that produce d
bsurround suppression in visual neurons. Of course, this
bhypothesis is necessarily speculative because changes
in inhibitory mechanisms could alter many aspects of
dvisual processing.
d
If there are age differences in surround suppression, s
where might they be found? Tadin and colleagues A
4(2003) argued that spatial suppression in the motion
ddiscrimination task used in the current experiments is
smediated by neurons in the motion-sensitive middle
2temporal area (MT). Indeed, many neurons in MT do
a
exhibit strong surround suppression (Born, 2000; Rai- n
guel et al., 1995), but surround suppression also has d
been found in other parts of the visual pathway (Angel-
Succi and Bullier, 2003; Bair et al., 2003; Eifuku and
tWurtz, 1998; Sceniak et al., 2001; Solomon et al., 2002).
rIn our view, it has not yet been determined which parts
p
of the visual pathway contribute most strongly to age e
differences in spatial suppression.
bOur experiments tested the counterintuitive hypothe-
tsis that aging alters center-surround interactions in vi-
bsual neurons in a way that improves performance in
ssome tasks. Nevertheless, it is important to point out
a
that such changes probably impair performance in 5
other tasks. Interactions between a neuron’s surround T
wfield and the classical receptive field are thought to bemportant for spatial localization (Sceniak et al., 1999),
ontour integration (Gilbert, 1992), encoding structure
rom motion (Bradley et al., 1998), motion segmentation
Bradley and Andersen, 1998; Snowden et al., 1991),
nd figure-ground segregation in cluttered scenes (All-
an et al., 1985; Lamme, 1995). If these views are cor-
ect, then our results suggest that older observers will
xhibit deficits in tasks that engage these processes.
ndeed, the ability to perceive 2D and 3D motion-
efined form does decline with increasing age (Norman
t al., 2000; Wist et al., 2000). The present results raise
he possibility that these changes in motion perception
re linked to age differences in the center-surround an-
agonism of motion-selective cells.
xperimental Procedures
xperiment 1
articipants
ight younger (mean age = 23.0 years, SD = 4.0 years) and eight
lder (mean age = 67.9 years, SD = 4.9 years) observers volun-
eered for the experiment. Decimal acuity was normal or corrected-
o-normal in both groups of observers (younger, mean decimal acu-
ty: near = 1.50, far = 1.55; older, mean decimal acuity: near = 1.11,
ar = 1.02), and no observers reported having any visual disorders.
lder observers completed the Mini-Mental State Examination, a
linical diagnostic tool for dementia (Folstein et al., 1975), prior to
sychophysical testing; all scores were within the normal ranges
ccording to age and education levels (range: 26 to 30; mean
core: 28.75 of 30 possible points), indicating no age-related de-
entia in any of our older observers (Crum et al., 1993).
timuli and Procedure
he experiment, programmed in the Matlab environment (version
.2) with software from the Psychophysics and Video Toolbox
Brainard, 1997; Pelli, 1997), was conducted on a Macintosh G4
omputer equipped with a Radeon 9000 video card. Stimuli were
isplayed on a 20 inch (51 cm) Apple monitor with 1024 × 768 reso-
ution and a refresh rate of 120 Hz. Mean luminance was 42.59 cd
−2. The monitor was the sole light source in the room during test-
ng. At the viewing distance of 60 cm, the entire display subtended
2.3 × 25.4 degrees of visual angle. The head position and viewing
istance of observers were stabilized with a chin/forehead rest. All
ehavioral responses were recorded on a standard Macintosh key-
oard.
We presented observers with 1 cyc deg−1 sine wave gratings
rifting at a rate of 2 deg s−1. Stimulus contrast at each pixel was
efined as (Lx – Lave)/Lave, where Lx represents the contrast of a
ingle pixel, and Lave is the average luminance value of the display.
cross conditions, contrast was 2.8%, 4.2%, 5.5%, 11%, 22%,
6%, or 92%. Stimulus contrast was modulated spatially by a two-
imensional Gaussian envelope. Stimulus size, defined as two
tandard deviations (2σ) of the Gaussian envelope, was 0.7, 1.3,
.7, or 5 degrees of visual angle. The stimuli were presented within
square temporal window. Participants viewed all possible combi-
ations of stimulus contrast and size, for a total of 28 stimulus con-
itions.
The observers participated in five consecutive days of testing.
timuli were blocked by size and contrast, and the order of condi-
ions was randomized for each participant. Each block of 150 trials
equired approximately 12 min to complete, and a 2 min break was
rovided between each block. Observers completed six blocks on
ach of the first four days and four blocks on the fifth testing day.
The observer pressed a button on the keyboard to begin each
lock of trials. After a delay of 500 ms, a fixation point appeared in
he middle of the screen. The fixation point alternated between
lack and white for 1.6 s at a rate of 2.5 Hz; the flicker was de-
igned to attract attention to the center of the screen and to reduce
daptation. The fixation point was replaced by a blank screen for
00 ms, followed by a sine wave grating drifting to the left or right.
he observer was informed that the direction of stimulus motion
as determined randomly in each trial and that both directions
Spatial Suppression Is Reduced in Older Observers
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stimulus motion by pressing one of two response keys. The next
trial, beginning with the presentation of the fixation point, started
500 ms after the keypress. Stimulus duration was varied across
trials using two interleaved staircase procedures: a two-down, one-
up staircase converged on the stimulus duration needed to pro-
duce 71% correct responding, and a four-down, one-up staircase
converged on the duration needed for 84% correct responding.
Both staircase procedures started with initial step sizes of 41.66
ms, switched to a step size of 25.00 ms after three reversals, and,
after the sixth reversal, switched to a final step size of 8.33 ms. The
staircase procedures were not limited to a particular number of
trials. Rather, a block ended after a total of 150 trials were com-
pleted.
Analysis
The data from both staircase procedures were combined, and the
psychometric function was estimated by computing the best-fitting
(maximum likelihood criterion) Weibull function. One younger ob-
server was excluded from the experiment due to poor-fitting psy-
chometric functions in four of the 28 experimental blocks. Thresh-
old was defined as the 77% correct point (d# = 1.05) on the
psychometric function. Suppression Indices (SIs) were calculated
for each individual (see main text for details). An analysis of vari-
ance (ANOVA) was conducted on both the log-transformed thresh-
olds and the SIs.
Experiment 2
Participants
To assess the effect of retinal illuminance on spatial summation
and suppression, we conducted another experiment with a new
group of younger observers (n = 5; mean age = 27.4 years; mean
decimal acuity: near = 1.64, far = 1.39). This particular group of
observers will be referred to as the Variable Luminance younger ob-
servers.
We also tested additional groups of younger (n = 26; mean age =
22.2 years) and older (n = 23; mean age = 66.4 years) observers to
ensure that the age-related changes in spatial suppression were
robust. These extra participants, whom we will call the Standard
Luminance observers, also had normal or corrected-to-normal vi-
sual acuity (younger, mean decimal acuity: near = 1.52, far = 1.40;
older, mean decimal acuity: near = 1.06, far = 1.32). The Mini-Mental
State Examination scores from the Standard Luminance older ob-
servers fell within the normal ranges, according to age and educa-
tion levels (range: 27 to 30; mean score: 29.13 of 30 possible points)
(Crum et al., 1993). Two of the older and three of the younger Stan-
dard Luminance observers also participated in experiment 1.
Stimuli and Procedure
As in experiment 1, experiment 2 was conducted on a Macintosh
G4 computer using software programmed in the Matlab environ-
ment. Stimuli were viewed on a Sony Trinitron monitor at 1152 ×
864 resolution with a refresh rate of 120 Hz and mean luminance of
65.0 cd m−2. Observers viewed the stimuli at a distance of 160 cm
so that the entire visual display subtended 13.36 × 10.10 degrees
of visual angle. Experiment 2 employed only a subset of stimulus
contrasts (2.8%, 11%, and 46%) and sizes (0.7 and 2.7 deg) from
experiment 1.
The display luminance was manipulated for the Variable Lumi-
nance younger observers by placing neutral density filters in front
of the monitor: average luminance was 65 (0 filters), 27.7 (1 filter),
or 5.6 (3 filters) cd m−2. A different luminance was used on each of
three days of testing. The order of luminance was randomized
across participants. The observers completed six randomly or-
dered blocks of trials (three stimulus contrasts at two different
sizes) per day of testing. The stimulus presentation procedure was
identical to that described in experiment 1.
The Standard Luminance observers (younger and older) viewed
the display at 65 cd m−2 only and completed the experiment on a
single day of testing. One older observer was excluded from the
experiment due to poor psychometric functions in three out of six
experimental blocks. Two additional older observers were unable
to obtain a threshold for the smallest, lowest contrast stimuli, but
their remaining psychophysical data were included in the analysis.
Pupil Measurements
To estimate the difference in retinal illuminance between younger
and older observers, we measured the pupil sizes of all of the ob-servers in experiment 2. Participants wore an SR Research EyeLink
II eyetracker while viewing a uniform field. A millimeter scale was
placed below each eye. The EyeLink system used infrared sources
to illuminate the pupils, and cameras placed just in front of, and
below, each eye recorded the images. Software located and high-
lighted the pupils. Several images of the left and right eyes were
digitized and saved to disk. The horizontal diameter of each pupil
was measured using the Carnoy 2.0 software package (Lab of Plant
Systematics, K.U. Leuven, Flanders, Belgium). The maximum diam-
eter for each eye was recorded and then averaged to derive a sin-
gle pupil measurement for each subject. Retinal illuminance was
estimated for each observer by multiplying the mean monitor lumi-
nance by the individual pupil area measurements.
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